In association with NMDA receptors (NMDARs), neuronal α7 nicotinic ACh receptors (nAChRs) have been implicated in neuronal plasticity as well as neurodevelopmental, neurological, and psychiatric disorders. However, the role of presynaptic NMDARs and their interaction with α7 nAChRs in these physiological and pathophysiological events remains unknown. Here we report that axonal α7 nAChRs modulate presynaptic NMDAR expression and structural plasticity of glutamatergic presynaptic boutons during early synaptic development. Chronic inactivation of α7 nAChRs markedly increased cell surface NMDAR expression as well as the number and size of glutamatergic axonal varicosities in cortical cultures. These boutons contained presynaptic NMDARs and α7 nAChRs, and recordings from outside-out pulled patches of enlarged presynaptic boutons identified functional NMDAR-mediated currents. Multiphoton imaging of presynaptic NMDAR-mediated calcium transients demonstrated significantly larger responses in these enlarged boutons, suggesting enhanced presynaptic NMDAR function that could lead to increased glutamate release. Moreover, whole-cell patch clamp showed a significant increase in synaptic charge mediated by NMDAR miniature EPSCs but no alteration in the frequency of AMPAR miniature EPSCs, suggesting the selective enhancement of postsynaptically silent synapses upon inactivation of α7 nAChRs. Taken together, these findings indicate that axonal α7 nAChRs modulate presynaptic NMDAR expression and presynaptic and postsynaptic maturation of glutamatergic synapses, and implicate presynaptic α7 nAChR/NMDAR interactions in synaptic development and plasticity. silent synapse | synaptic development | synaptic plasticity | alpha bungarotoxin | cytisine
In association with NMDA receptors (NMDARs), neuronal α7 nicotinic ACh receptors (nAChRs) have been implicated in neuronal plasticity as well as neurodevelopmental, neurological, and psychiatric disorders. However, the role of presynaptic NMDARs and their interaction with α7 nAChRs in these physiological and pathophysiological events remains unknown. Here we report that axonal α7 nAChRs modulate presynaptic NMDAR expression and structural plasticity of glutamatergic presynaptic boutons during early synaptic development. Chronic inactivation of α7 nAChRs markedly increased cell surface NMDAR expression as well as the number and size of glutamatergic axonal varicosities in cortical cultures. These boutons contained presynaptic NMDARs and α7 nAChRs, and recordings from outside-out pulled patches of enlarged presynaptic boutons identified functional NMDAR-mediated currents. Multiphoton imaging of presynaptic NMDAR-mediated calcium transients demonstrated significantly larger responses in these enlarged boutons, suggesting enhanced presynaptic NMDAR function that could lead to increased glutamate release. Moreover, whole-cell patch clamp showed a significant increase in synaptic charge mediated by NMDAR miniature EPSCs but no alteration in the frequency of AMPAR miniature EPSCs, suggesting the selective enhancement of postsynaptically silent synapses upon inactivation of α7 nAChRs. Taken together, these findings indicate that axonal α7 nAChRs modulate presynaptic NMDAR expression and presynaptic and postsynaptic maturation of glutamatergic synapses, and implicate presynaptic α7 nAChR/NMDAR interactions in synaptic development and plasticity. silent synapse | synaptic development | synaptic plasticity | alpha bungarotoxin | cytisine A s the major excitatory neurotransmitter systems in the CNS, the nicotinic and glutamatergic systems have been implicated in a variety of neurological, neurodevelopmental, and psychiatric disorders as well as learning and memory (1, 2) . Glutamate exerts its effects through a series of postsynaptic receptors named for their prototypic agonists. The most common ionotropic receptors are the NMDA and AMPA receptors. The importance of NMDA receptor (NMDAR)-mediated neural transmission is illustrated by its role in models of synaptic plasticity such as long-term potentiation (LTP) and long-term depression (LTD). One of the crucial biochemical mechanisms mediating these processes is trafficking of glutamate receptors to and from the synapse/cell surface. Once these receptors are placed into the membrane, they contribute to the generation of additional biochemical or structural events leading to more permanent alterations in synaptic strength.
Similarly, nicotinic ACh receptors (nAChRs) have crucial roles in a variety of CNS processes, including neuronal plasticity, nicotine addiction, Alzheimer's disease, Down syndrome, and schizophrenia (3) (4) (5) (6) (7) (8) . The α7 and α4β2 subtypes are the predominant nAChRs in the central nervous system. Interestingly, there are many interactions among both nAChR subtypes and glutamate receptors, particularly NMDARs, in physiological and pathological events. For example, nAChRs mediate neuroprotection against cell death induced by NMDAR stimulation (excitotoxicity) (9, 10) . nAChR stimulation facilitates glutamatergic transmission at selected CNS synapses and enhances a synapse selective form of LTP in the amygdala (11) . This facilitation is commonly mediated by presynaptic receptors and likely involves regulation of transmitter release, including the release of glutamate (12) (13) (14) . nAChRs also regulate the downstream turnover of selected glutamate receptors such as the AMPA receptor GluR1 subunit (15) .
Investigations of synaptic plasticity have concentrated on postsynaptic mechanisms, especially on postsynaptic NMDA and AMPA receptors. Presynaptic NMDARs have recently been implicated in cortical synaptic function and plasticity (16) . They exist at higher levels early in development, and are involved in regulation of transmitter release and forms of LTD (16) (17) (18) (19) (20) . However, the mechanisms controlling the expression of presynaptic NMDARs, how they affect synaptic development, and why they decrease with development are unknown. In the present study, we have identified a previously uncharacterized structural component of presynaptic plasticity reflecting interactions of axonal α7 nAChRs and presynaptic NMDARs in glutamatergic presynaptic bouton formation during early synaptic development.
Results

Chronic Inactivation of α7 nAChR Increases Surface NMDAR Expression and Numbers of Presynaptic Boutons Containing NMDARs in Cortical
Cultures. To explore the possible interactions of nAChRs and NMDARs, we examined the effects of nicotine on cell surface expression levels of NMDARs in cortical neurons. Nicotine markedly increased such levels (Fig. 1A) . As nicotine is an agonist at both α4β2 and α7 nAChRs with a higher affinity for α4β2 receptors, we also investigated the subtype selective agents cytisine, α-bungarotoxin (α-BTX), and dihydro-β-erythrodine (DHβE). Cytisine is a full agonist at α7 and partial agonist at α4β2 nAChRs. α-BTX and DHβE are specific antagonists at α7 and α4β2 nAChRs, respectively. Cytisine and α-BTX treatment markedly increased surface levels of NMDAR subunits NR1, NR2A, NR2B, and the AMPAR GluR1 subunit in cortical cultures ( Fig. 1 B and C) , whereas DHβE had a smaller effect on surface levels of NMDARs (Fig. 1D) . The surface level of the GABA A α1 subunit of GABA receptors was unchanged following exposure to any of these agents ( Fig. 1 A-D) .
We then examined the distribution of glutamate receptors in cortical cultures. α-BTX or cytisine treatment markedly increased the number and size of NR1-positive axonal varicosities or boutons in treated cortical cultures (Fig. 2) . Axonal varicosities or boutons are swellings along an axon and are frequently the sites that release transmitters and form synapses. We compared NR1-positive axonal varicosities (Fig. 2 A and B) and differential interference contrast (DIC) images of enlarged presynaptic boutons ( Fig. 2 C and D) between control and α-BTX-treated cultures. The presynaptic terminal marker α-synaptophysin was also present in the enlarged boutons ( Fig. 2 E and F) . Although NR1-positive presynaptic boutons were increased and enlarged in α-BTX-or cytisine-treated cultures, no significant increases were observed in DHβE-or nicotine-treated cultures (Fig. 2G) . The increases in surface NMDAR expression and in presynaptic boutons were blocked by the transcriptional inhibitor actinomycin D and the translational inhibitor cycloheximide (Fig. S1 ). These data suggest that α-BTX-or cytisine-induced increases in presynaptic boutons containing NMDARs largely reflect presynaptic increases in surface NMDAR expression, whereas nicotine-induced increases in surface NMDAR expression are not clearly associated with presynaptic terminals. NR2B and GluR1 colocalized with NR1-positive presynaptic boutons in treated cultures (Fig. S2) , consistent with the α-BTX-or cytisine-induced increase in the surface levels of glutamate receptors largely reflecting enlarged axonal varicosities containing presynaptic glutamate receptors.
As α7 nicotinic receptors desensitize almost fully on chronic exposure to agonists such as cytisine, this, coupled with similar effects of α-BTX, suggests that the increase in NMDAR levels results from α7 inactivation (either by desensitization or blockade). The time course of events was consistent with inactivation of α7 being the primary site action of cytisine, as brief (3 min) application of cytisine slightly decreased NMDAR levels, whereas more prolonged application (3-24 h) increased levels ( Fig. S3A ). Coapplication of either α-BTX or DHβE had no effect on cytisine-induced changes in NMDARs ( Fig. S3 B and C), suggesting that cytisine does not act as an agonist at either subtype in this paradigm, but instead may act through desensitization. The concentration-response curve of cytisine on surface NMDAR expression demonstrated that the EC 50 of cytisine is ∼200 μM (Fig. S4) , consistent with the dose-response curve of cytisine-evoked currents through α7 nAChR in cultured neurons (21) , further suggesting that cytisine-induced increases in surface NMDAR expression and presynaptic bouton number result from desensitization of α7 nAChR. Taken together, our findings suggest that chronic inactivation of α7 nAChR increases presynaptic NMDAR expression and presynaptic boutons in cortical cultures. control mechanism might exist in cortical neurons. To assess the neurotransmitter identity in NR1-positive presynaptic boutons, we examined the immunoreactivities of GAD-65 (a GABAergic neuronal marker), the vesicular glutamate transporter 1 (vGLUT1, a glutamatergic presynaptic terminal marker), and α-synaptophysin (a presynaptic terminal marker) in cortical cultures. The increased and enlarged NR1-positive presynaptic boutons were vGLUT1 positive (Fig. 3) but not GAD-65 positive. These vGLUT1-positive presynaptic boutons also contained the presynaptic terminal marker α-synaptophysin and were noted to be largely en passant boutons (discussed later here) along axonal shafts (Fig. 4) . Furthermore, quantitative measurement of size of boutons containing both α-synaptophysin and vGLUT1 confirmed the enlargement of glutamatergic boutons in cytisine-or α-BTX-treated cultures compared with those in control cultures (Fig. 4J′) . α7 nAChRs also localized to α-synaptophysin-and vGLUT1-positive glutamatergic presynaptic boutons (Fig. 5) . The findings provide structural evidence linking α7 nAChRs and presynaptic NMDARs in the growth and formation of glutamatergic boutons. (Fig. 6A ). In addition, calcium imaging using Fura-2 as the calcium indicator was conducted using two-photon microscopy and 780-nm excitation; at this wavelength, fluorescence emission decreases upon calcium entry. In the presence of tetrodotoxin and voltage-dependent calcium channel blockers, bath application of NMDA produced a greater decrease in fluorescence intensity in boutons of α-BTX-or cytisine-treated cultures than those in control cultures (Fig. 6B) . These results indicate that presynaptic NMDARmediated calcium entry is increased in boutons of treated cultures, suggesting that presynaptic NMDAR function is enhanced in the enlarged glutamatergic boutons. Furthermore, we assessed whether the enhanced presynaptic NMDAR function alters transmission. Surprisingly, whole-cell patch clamp of cortical neurons in α-BTX-or cytisine-treated cultures showed no alteration in the frequency of AMPAR mEPSCs (Fig. 7A) , In contrast, we found a significant increase in the synaptic charge mediated by NMDAR mEPSCs (P < 0.001) (Fig. 7B) . NMDA-mEPSCs were assessed as synaptic charge as their long duration and degree of overlap prevented individual detection. Combined, this lack of change in AMPAR and enhanced NMDAR mEPSCs suggests that the enlarged boutons are contained within postsynaptically silent synapses containing NMDARs but lacking AMPARs.
Presynaptic NMDAR Function Is
We also measured the total pool of NMDARs in cortical neurons by examining the whole-cell currents evoked by exogenous application of distinct concentrations (5 and 200 μM) of NMDA in the presence of tetrodotoxin and in the absence of Mg 2+ in control and treated cultures. Whole-cell NMDA current density exhibited no significant increase between control and treated cultures (Fig. S5) . Because we measured the total pool of postsynaptically localized NMDARs including extrasynaptic and synaptic receptors, we observed only a slight increase. This discrepancy may reflect the abundant extrasynaptic NMDARs during early synaptic development (22) and the possibility that bath application of exogenous NMDA may preferentially activate extrasynaptic receptors but have limited access to synaptic NMDARs. Taken together, these results suggest the selective enhancement of postsynaptically silent synapses upon inactivation of α7 nAChR.
Discussion
The present studies show that, in cortical neuronal cultures, chronic inactivation of α7 nAChRs increases the number and size of glutamatergic presynaptic boutons containing presynaptic NMDARs. Presynaptic NMDAR function is enhanced in these boutons. Although a variety of nicotinic agents altered NMDAR levels, the effects on presynaptic NMDARs and boutons were most prominent with exposure to compounds that block or desensitize α7 nicotinic receptors. The biochemical effects appear to reflect mainly structural changes in the presynaptic membrane, with appearance of enlarged axonal boutons containing large numbers of NMDARs. These presynaptic NMDARs can alter glutamate release and are potentially involved in altering postsynaptic neurotransmission and development, thus demonstrating a pharmacological, structural, and physiological interaction among presynaptic α7 nAChR and NMDAR during early synaptic development. A similar regulatory mechanism for analogous events has been observed in cultured cerebellar neurons. Presynaptic NMDARs influence development of GABAergic presynaptic boutons in developing cerebellar neurons (18) , whereas, as we describe here, axonal α7 nAChRs alter development of glutamatergic presynaptic boutons in developing cortical neurons. Such parallel results suggest that presynaptic events control development of axonal bouton size and function in multiple neurotransmitter systems. These findings implicate presynaptic α7 nAChR/NMDAR interactions in synaptic development and plasticity.
As the present data identify changes in both presynaptic NMDAR levels and function induced by α7 blockade, altered presynaptic function may be a direct consequence of α7 nAChR/ glutamate receptor interactions. Because our studies also reveal enhancement in presynaptic NMDAR-mediated glutamate release in these enlarged boutons, the potential consequences of α7 blockade may include a variety of downstream events, such as alteration of postsynaptic transmission and synaptic strength (16) . Immunocytochemical studies revealed the presence of NR1, NR2 and GluR1 subunits in the enlarged glutamatergic presynaptic boutons. Considerable anatomical evidence supports the presence of NR1, NR2, and GluR1 in the presynaptic terminals or boutons in different brain regions, especially during early development (16, 23) . NR2B is preferentially accumulated in axonal growth cones and varicosities in immature neurons (24) , suggesting a role of presynaptic NMDAR in development. Physiologically, presynaptic NMDARs enhance the probability of spontaneous and evoked neurotransmitter release at cortical, hippocampal, and cerebellar synapses (16, (18) (19) (20) . Although we identified enhanced presynaptic NMDAR levels and physiological responses, our findings further suggest the selective association of chronic α7 nAChR blockade and presynaptic NMDAR function with increases in postsynaptically silent synapses, as AMPAR-mediated synaptic currents were not altered, whereas those mediated by NMDARs were increased in treated cultures. As α7 nAChRs are preferentially located at presynaptic terminals incorporated in postsynaptically silent synapses (14, 25) , our data suggest that presynaptic α7 nAChR/NMDAR interactions may be involved in establishing the conversion of silent to fully functional synapses and play crucial roles in presynaptic and postsynaptic development.
The present data also demonstrate specific structural and functional changes that could influence synaptic maturation. Cortical cultures develop in a manner that models synaptic maturation in vivo. The time course of synapse formation was delayed due to lack of glial cells and low density of cortical neurons in our cortical cultures, and thereby enables us to examine the events occurring in bouton formation during early synaptic development. Regulation of α7 nAChR could provide a physiological mechanism that mediates the development or plasticity of glutamatergic presynaptic boutons. Structural plasticity of presynaptic boutons has crucial roles in developmental circuit assembly processes and neural circuit remodeling in adult cortex (26) (27) (28) (29) . Axonal varicosities or boutons are a series of swellings along the axons, and are typically the sites that release transmitters and form synapses. They are usually divided into two subtypes: en passant and terminaux. En passant varicosities are swellings in the axonal shaft, whereas terminaux varicosities are swellings at the terminals that connect to the axonal shaft by a short neck. Here, chronic inactivation of axonal α7 nAChRs increased the number and size of glutamatergic presynaptic boutons, particularly those with the appearance of en passant boutons along glutamatergic axons. Studies in Caenorhabditis elegans and in rodent cortical cultures suggest that initial formation of presynaptic terminals can occur preferentially at predefined sites within axons in the absence of postsynaptic targets such as neuronal or glial contacts, suggesting that many en passant synapses form specifically and autonomously at predefined sites in developing axons (30) (31) (32) . As α7 nAChRs are present within these enlarged boutons, and as en passant boutons are increased and enlarged upon inactivation of α7 nAChR, axonal α7 nAChRs may be an intrinsic factor within glutamatergic axons that modulates the formation of presynaptic boutons. Considerable anatomical and functional evidence supports the presence of α7 nAChRs in glutamatergic axonal terminals in different cortical regions (14, 25, (33) (34) (35) (36) . Thus, α7 may be a structural determinant for presynaptic development in glutamatergic synapses throughout the brain.
Although our data focus on modifications of the presynaptic membrane, there may be postsynaptic interactions of NMDAR and nicotinic receptors as well. In our studies, nicotine itself increased NMDAR levels but did not produce notable presynaptic changes, suggesting that nicotine exposure may increase postsynaptic NMDAR levels. Pharmacologically, this could reflect the high affinity of nicotine as a α4β2 agonist, and is in accordance with previous findings in which the effects of nicotine on NMDAR expression reflect the alterations in postsynaptic NMDARs (37, 38) . Still, it is possible that nicotine could create presynaptic abnormalities as well with longer exposure or exposure at higher concentrations.
As the present data implicate presynaptic α7 nAChR/NMDAR interactions in synaptic development and plasticity during early development, abnormal presynaptic interactions due to genetic variations in α7 nAChR may thus produce permanent changes that could contribute to cognition deficits in schizophrenia and Alzheimer's disease (AD). A convergence of recent genetic evidence identifies α7 nAChR as a potential modifier gene for schizophrenia and AD patients (39) (40) (41) . Similarly, deleting the α7 nAChR gene leads to impairment of working/episodic-like memory (42) and alters the synaptic development and cognition in AD transgenic mice (43, 44) . α7 nAChRs thus are therapeutic targets for cognitive deficits in schizophrenia and AD (45) (46) (47) (48) . Moreover, both α7 nAChR agonists and antagonists have similar effects on enhancing LTP and cognition in animals (49, 50) . Desensitization of α7 nAChRs may play an important role in both normal information processing and in various disease states and thus be used as a strategy for drug development (51, 52) . Our findings implicate desensitization of α7 nAChRs in synaptic development and plasticity and thereby provide important insights into development of therapeutic drugs for treatment of cognitive deficits in schizophrenia and AD.
Materials and Methods
Neuronal Cultures. Primary cortical cultures from E17-E19 rats were prepared, maintained, and treated as described in detail in SI Text. Neurobasal medium for cultures contains choline chloride, a selective agonist at α7 nAChR. In addition, cholinergic neurons are present in cortical cultures as identified by choline acetyltransferase (Abcam) immunostaining as described in the manufacturer's instructions. Two-Photon Calcium Imaging. Cortical neurons were loaded with the calcium indicator dye 5 μM fura-2-acetoxymethyl ester and subjected to two-photon imaging as described in detail in SI Text. NMDAR-mediated calcium images were captured and analyzed off-line using ImageJ software (Fiji, an Open Source image processing package based on ImageJ), and data were presented as relative changes in fluorescence with respect to background fluorescence (Δf/f).
Electrophysiology. Whole-cell patch-clamp and outside-out membrane patch recordings were performed as described in detail in SI Text. The frequency of AMPAR-mediated mEPSCs was measured, and NMDAR-mediated mEPSCs were assessed as synaptic charge from total current integrated during a 1-min time interval, as their long duration and degree of overlap prevented individual detection. Outside-out membrane patches were excised from visually identified enlarged boutons.
Statistical Analysis. Data are shown as mean ± SEM. Experiments were analyzed using Student's t test to compare two conditions or by ANOVA followed by planned comparisons of multiple conditions. Significance was set at P < 0.05.
